Abstract: A tunable dual-band bandstop filter (BSF) in the far-infrared region is proposed based on a graphene surface plasmon. The BSF consists of a graphene waveguide and two graphene-ribbon resonators on the SiO 2 /Si substrate, supporting waveguide mode and edge mode, respectively. The influence of graphene structure parameters on transmission spectra is numerically investigated, which shows that the resonant properties are sensitive to the lengths of the graphene-ribbon resonators, and each stopband of dual-band BSF can be individually designed and tuned without affecting the other stopband. Moreover, the center frequencies of the two stopbands can be actively tuned independently by respective chemical potential of graphene-ribbon resonators. The proposed filter structure is promising to be utilized in future photonic integrated circuit applications as an ultracompact dual-band BSF.
Introduction
Filters in high-frequency applications including terahertz, infrared and optical devices, have attracted much attention in the past decades, as basic functional components for the highly integrated optical devices [1] - [3] . In order to implement ultra-compact filters in the optical-communication system, surface plasmon polaritons (SPPs) are utilized as new optical information carriers. SPPs are waves trapped on the surfaces of metals owing to the interaction between the free electrons in metal and electromagnetic field in dielectric, and attenuating exponentially in the direction perpendicular to the interface [4] . Devices based on SPPs enable light manipulation on subwavelength scales due to their overcoming of diffraction limit [4] , [5] . Devices supporting SPPs are always combination of metal and dielectric, such as metallic nanowires [6] , metallic nanoparticle arrays [7] , metal-insulator-metal (MIM) [8] structures and multiple-teeth-shaped structures [9] . In spite of these substantial applications in plasmonic devices, the functionalities of the SPPs in metals are constrained to some extent in the past decades due to the enormous Drude damping of metallic materials and the difficulty in adjusting the permittivity of metals. For example, the propagation length of metallic surface plasmon waves is quite short in infrared region and the dynamic control of SPPs properties is unrealizable. Because of these drawbacks, graphene surface plasmon (GSP) has been introduced to the terahertz and infrared filters [10] - [12] . Graphene is a single layer of carbon atoms formed in a honeycomb lattice, which has been considered as the most promising two-dimensional material [13] due to its unique optical properties, such as dynamic tunability [14] , strong light confinement [15] and low intrinsic losses [16] . In particular, the conductivity of graphene can be easily tuned by varying the Fermi energy level through altering the bias voltage, which has been verified both theoretically and experimentally [17] , [18] . This offers a tunable method to manipulate SPPs with stronger confinement and lower propagation loss than that in metallic systems. Therefore, graphene is widely used in active filtering applications, which consist of waveguides and resonators. Nanoribbons [19] , nanorings [20] , split rings [21] , nanodisks [22] , cavities [23] and Fibonacci quasiperiodic structures [24] are used in plasmonic filters as resonators for selecting the pass/stop frequency range.
Based on the above numerous graphene-based resonant structures, recently, a series of tunable THz and infrared plasmonic bandstop filters (BSFs) [25] - [29] have been designed and studied comprehensively. The Refs. [25] , [26] both demonstrated a single-band plasmonic BSF based on periodic patterns of graphene structures. In [27] , the authors proposed an active plasmonic BSF based on single-and double-layer doped graphene metamaterials. It revealed that asymmetry double-layer graphene metamaterial device has two apparent filter dips. In [28] , a dual-band BSF based on graphene metamaterials is also demonstrated, in which the resonant frequency difference between the in-phase and out-of-phase hybridized states is tunable. The authors in [29] implemented a multispectral and narrow-band BSF, whose transmission notches depend on the number of layers in the multilayer structures. However, the center frequencies of the above dualband BSFs could not be tuned independently by bias voltage, making the properties of the filters not flexible enough to be changed.
In this paper, a graphene-based plasmonic tunable dual-band BSF in the far-infrared region is proposed. The physical mechanism of the graphene-based filter and influence of structure parameters on transmission spectra are investigated. Moreover, the center frequencies of two stopbands can be real-time tuned independently by applying different external gate voltages. Fig. 1 shows the layout of the proposed graphene-based tunable dual-band BSF, which consists of a graphene waveguide and two graphene-ribbon resonators on the SiO 2 /Si substrate. The relative permittivities of the substrate materials SiO 2 and Si are 3.8 and 11.9, respectively, and their thicknesses are both 50 nm. The properties of the BSF are investigated by the full-wave electromagnetic simulation software HFSS, whose applied numerical method is finite element method (FEM). The incident source is injected from the right port of the graphene ribbon waveguide to the left port as shown in the top view of Fig. 1 . The automatic adaptive meshing process is used for all simulations to ensure their accuracy and efficiency. For the graphene, it can be seen as an ultra-thin film which is an anisotropic dispersive dielectric material with an effective relative permittivity tensor ε as
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where ω is the angular frequency of light, ε zz is assumed as an out-of-plane component of graphene with a constant value of 9.0 [30] - [32] , ε xx (ω) and ε yy (ω) are in-plane components of permittivity, which can be represented by the surface conductivity of graphene σ(ω) as
where ε 0 is the permittivity of vacuum, and the thickness of graphene H is assumed as 0.34 nm. The in-plane surface conductivity of graphene σ(ω) can be expressed by the Kubo formulas as demonstrated below [33] σ(ω, μ c , ,
where σ i ntra and σ i nter are originated from the intraband and interband transition, respectively,
is the Fermi-Dirac distribution, ω is the radian frequency, e is the electron charge, k B is the Boltzmann constant, T is temperature of Kelvin,h is the reduced Planck constant, Г = 1/(2τ) is the scattering rate, τ is the electron-phonon relaxation time, μ c is the chemical potential, and ξ is the energy of electrons. At room temperature T = 300 K, the Kubo equation is reduced to a Drude-like form
where the intraband transition is dominant in the terahertz and far-infrared region compared with the interband transition. For the physical model of graphene, we assume the effects of bandgap [34] caused by the lateral confinement of charge carriers and nonlinear response are ignored. The value of τ is evaluated from the measured impurity limited dc carrier mobility υ. Based on the experimental work from Bolotin et al. [35] , υ is taken as 230,000 cm 2 /(V·s) in high-quality float graphene. It was also found that the carrier mobility of graphene on SiO 2 substrate could reach 40,000 cm 2 /(V·s) [36] , [37] . Therefore, a moderate carrier mobility of υ = 10,000 cm 2 /(V·s) is chosen in this work [19] , [38] , and the electron-phonon relaxation time can be expressed as
where the Fermi velocity v F ≈ 10 6 m/s. According to (8) , τ can be obtained as 0.3 ps when μ c = 0.3 eV. Therefore, the value of σ mainly depends on μ c and ω.
A single graphene ribbon is well known to support two different kinds of GSP modes [39] , [40] . One is the waveguide mode, in which the energy is focused along the whole area of the ribbon, and the other is the edge mode, where the electromagnetic field is concentrated on the rims of the ribbon. Fig. 2(a) shows the proposed graphene ribbon as the waveguide supporting waveguide mode and GSP transmission, where the single graphene ribbon is attached on the SiO 2 /Si substrate. The width and length of the graphene ribbon are W 0 = 20 nm and L 0 = 300 nm, respectively. Fig. 2(b) illustrates E-field distributions of the GSP transmission at f = 18 THz.
When another short graphene ribbon as a graphene-ribbon resonator is located close to the graphene ribbon waveguide, the resonance at 17.2 THz will occur and the edge mode of graphene will be excited where the electromagnetic field is concentrated on the rims of the ribbon as seen in Fig. 3(a) . Thus, a single-band BSF whose center frequency is at about 17.2 THz will be obtained, whose transmission coefficient curve is the dark curve in Fig. 4 . Similarly, if a long graphene ribbon as a graphene-ribbon resonator is located oppositely near the graphene ribbon waveguide, it will yield the resonance at 14 THz and the edge mode of graphene will be excited as shown in Fig. 3(b) . Consequently, a single-band BSF centered at around 14 THz will be realized, whose transmission coefficient curve is the blue curve in Fig. 4 .
Furthermore, when these two above-mentioned graphene-ribbon resonators are simultaneously attached near the graphene waveguide as seen in Fig. 1 , a tunable dual-band BSF will be realized. Fig. 4 compares the simulated results of the BSFs with single-band and dual-band responses. It illustrates that the two resonant frequencies of the dual-band BSF both agree well with the resonant frequency of each single-band BSF. Therefore, one single-band stopband can be independently designed and tuned while the other one is not affected. Fig. 5 shows transmission spectra of the proposed dual-band BSF versus varied lengths of the two graphene-ribbon resonators L 1 and L 2 . The proposed structure obtains two individual stopband responses using two graphene-ribbon resonators. As seen in Fig. 5(a) , when the parameter L 1 changes, the upper stopband will vary but the lower stopband keeps unchanged. On the contrary, in Fig. 5(b) , the lower stopband will move but the upper stopband remains fixed as the parameter L 2 changes. This is mainly because the GSP is sensitive to the dimensions of the corresponding structure. Therefore, it is convenient to independently tune the center frequency of each stopband by changing the length of the corresponding graphene-ribbon resonator.
Also, the gaps between the graphene waveguide and graphene-ribbon resonators g 1 and g 2 can affect the stopband characteristics of the BSF, which can slightly adjust the upper and lower stopbands, respectively. As seen in Fig. 6(a) , when the gap g 1 increases, the center frequency of the upper stopband will move upward mildly but the lower stopband remains unchanged. Similarly, the center frequency of the lower stopband will slightly increase but the upper stopband keeps fixed when the gap g 2 increases as shown in Fig. 6(b) . These features are attributed to the GSP edge mode, which can be mainly affected by the distance of the adjacent ribbons. Therefore, we can finely tune the gaps g 1 and g 2 after adjusting the lengths L 1 and L 2 to satisfy the required center frequencies and bandwidths of the dual-band BSF.
Active Tuning of the Proposed BSF
Variation of the physical dimensions after final design and implementation of the filter is inconvenient and not feasible. Therefore, an active tuning method to control the filter characteristics after fabrication is indispensable. By independently varying the external gating voltage applied on the short or long graphene-ribbon resonator, the proposed dual-band BSF is expected to achieve independent tuning of each corresponding stopband.
According to the Kubo formulas, the real part and imaginary part of graphene in-plane conductivity as a function of chemical potential μ c and operating frequency are shown in Fig. 7(a) and (b) , respectively. The result demonstrates that both of the real and imaginary parts of in-plane conductivity will increase as the chemical potential μ c rises, and will reduce as the operating frequency increases. This is attributed to the fact that the chemical potential μ c is larger than the incident light energyhω in the far-infrared region, therefore the intraband transition dominates light-graphene interaction. The in-plane components of conductivity will increase as the difference between μ c and hω rises up.
The chemical potential μ c can be tuned either passively by the chemical doping method or actively by external electrostatic biasing. When an electrostatic gating voltage V bi as is applied between the graphene and Si substrate as shown in Fig. 1 , the concentration of carriers can be tuned to excite the electron-hole pairs, which will change Fermi level E F and the intraband losses of graphene. The changed Fermi level E F will be away from the Dirac point and be doped to a high level, resulting in changing the value of chemical potential μ c and surface conductivity σ. An approximate closedform expression between the chemical potential μ c and gating voltage V bias , is given by [41] as equation (9) μ c = v f πε 0 ε r V bi as eD 1 (9) where ε 0 is the permittivity of free space, ε r and D 1 are the relative permittivity and the thickness of the insulating layers, respectively. Due to its widely tunable surface conductivity with respect to the external applied electric field, we can obtain important features of the proposed dual-band BSF, where each stopband resonant frequencies can be tuned independently and the dual stopband characteristics can be tuned actively by adjusting the chemical potential via different electrostatic gating. In order to demonstrate the tunable ability of the proposed filter, we calculate the transmission coefficients of the structure with different bias voltages acting on the short graphene-ribbon resonator and long graphene-ribbon resonator individually, as shown in Fig. 8 . The chemical potential of graphene varies between 0.36 eV and 0.44 eV while the bias voltages are altered between 23 V and 34 V. As the chemical potential of the short graphene-ribbon resonator increases from 0.36 eV to 0.44 eV, the second resonant frequency will be blue-shifted from 16.2 THz to 18.2 THz, while the transmission dip will be changed from −28 dB to −36 dB. On the other hand, the first resonant frequency will remain unchanged, which indicates that the tuning of the chemical potentials on the short graphene-ribbon resonator does not affect the long graphene-ribbon resonator. Similarly, varying the chemical potentials on the long graphene-ribbon resonator contributes to the tuning of the first resonant frequency, keeping the second stopband unchanged. When μ c = 0.36 eV, the first resonant frequency is 13.3 THz, while the transmission dip is −24 dB. As the chemical potential increases to 0.44 eV, the resonant frequency will be blue-shifted to 17.1 THz with the transmission dip of −33 dB. As demonstrated in [38] , Fabry-Perot cavity theory model is used to explain the phenomena. The effective wavelength of the structure can be expressed as λ m = λ 0 /n eff , which should remain unchanged to guarantee the resonant condition. λ 0 and n eff are the working wavelength and the effective index of the structure, respectively. The effective index n eff will decrease with the increase of chemical potential at a fixed frequency [38] . Therefore, the working wavelength must be increased to compensate for the decreased effective index. Meanwhile, as shown in Fig. 7(a) , the real part of the in-plane conductivity of graphene rises up with the increase of the chemical potential of graphene, which leads to an increase in intrinsic loss of the graphene waveguide. As a result, the total transmission intensity decreases with the increase of chemical potential.
The above analysis shows that, by tuning the bias voltage between the graphene and substrate, which changes the chemical potentials of graphene, the center frequency of the two stopbands can be adjusted after final design and implementation of the filter. It provides a feasible method to configure a dual-band BSF without optimizing the structural parameters.
Conclusion
A graphene-based plasmonic tunable dual-band BSF in the far-infrared frequency region has been presented. The filter physical mechanism and influence of graphene structure parameters on transmission spectra are analyzed. The resonance frequencies are dependent on the length of graphene-ribbon resonators and the gap between graphene-ribbon waveguide and resonators. Furthermore, by applying different bias voltages on the two graphene-ribbon resonators, the center frequencies of the two stopbands can be tuned independently. This property provides a flexible method to adjust the BSF characteristics after fabrication. Consequently, the proposed filter structure with tunable dual-band bandstop performance may have promising potential applications in compact photonic plasmonic integrated devices and circuits. Moreover, this design can be also applied for the electromagnetically induced transparency (EIT) or plasmon-induced transparency (PIT) analogue [42] - [45] due to their similar transmission properties.
